•tW m '• . In most events, energy propagation was predominantly away from the equator, supporting the existence of an equatorial source region. There are exceptions and one event, observed 3 ø from the equator, also showed some propagation back to the equator with equal energy. Four periodic wave packets were seen in another event. This event showed unidirectional propagation away from the equator over all packets with periodicity approximately one-half of the calculated time for a typical bouncing wave packet. Consequently, the periodicity is not the signature of a classical periodic structured Pc 1-2 pulsation event of the type seen on the ground. Generally, the results for these waves with f < f•? may be interpreted by assuming an ion cyclotron instability source located near the equator and irregularly emitting wave trains of energy into one or both hemispheres, with minimal reflection at the ionosphere.
energetic (10 -100 keV) proton population [Mauk and McPherron, 1980; Roux et al., 1982] . Also, EMIC waves are 4 times more common in the outer magnetosphere at L>7 than at L<6 and occur primarily in the local afternoon sector [Anderson et al., 1990 [Anderson et al., , 1992a . A recent theoretical smd•t [Hu and Fraser, 1994] shows that waves in the proton and helium branches may experience significant convective growth in the outer magnetosphere. Also, amplification could result from nonconvective instability [Roux et al., 1982] , or wave propagation with low group velocity [Home and Thorne, 1993] .
For a wave packet bouncing between hemispheres it would be expected that a geostationary or slowly moving satellite traversing the magnetosphere may encounter discrete EMIC wave packet structures propagating essentially parallel to the ambient magnetic field and showing the systematic pattern of alternate propagation directions. Also, the satellite may see the wave packet twice each bounce period. It has been shown that wave normal angles are typically low at <_ 15 ø [Fraser, 1982] , and more recent unpublished CRRES results support this observation. Therefore mixed left-hand and right-hand polarization propagated primarily downward toward the ionosphere with an upper energy limit of 10-100 gW m '•. Minimum variance analysis indicated that these waves exhibited wave normal directions almost parallel to the ambient magnetic field. It was concluded that the results were consistent with the ATS-6 synchronous orbit observations of Mauk and McPherron [1980] on E and B field phasing which showed 10 EMIC wave events propagating away from the equatorial region. LaBelle and Treumann [1992] using AMPTE/IRM wave data determined the Poynting component along the magnetic field for an equatorial EMIC wave event seen near the dusk plasmapause. The polarization was linear and Poynting calculations on the left and fight-hand component waves showed them both to be directed away from the equator. The magnitude of the Poynting vector component was about 1 m -•. The observation of linear polarization was explained by suggesting that the spacecraft was located at the latitude of the polarization reversal associated with the oxygen crossover frequency [Fraser and McPherron, 1982; Fraser, 1985] .
It is important to note that none of the Poynting vector results described above have identified a discrete series of bouncing wave packets. So it may not be unexpected that the wave energy always propagates away from the equatorial region where the EMIC wave instability may be located and maximum wave growth can occur [Mauk, 1982] . However, Erlandson et al. [ 1992] have reported the Viking observation of a series of seven wave packets (f-1.5 Hz) occurring about 67 s apart at the plasmapause and determined the field aligned Poynting component for each packet. It was found that all wave packet energy flux, at an altitude of 13500 kin, was directed downward into the ionosphere with a maximtun reflection coefficient 2 -7.6 was both toward and away from the equator at angles to the geomagnetic field < 30 ø. The results were interpreted as indicating that the spacecraft may be immersed within an off-equator wave generation region, which is related to the presence of heavy ions [Hu et al., 1990] . Previous work reveals an incomplete picture of EMIC wave energy propagation in the magnetosphere which does not appear to support the classical model of wave packets bouncing between hemispheres as suggested by ground observations. The CRRES spacecraft was fully instrumented to provide Poynting vector measurements in the middle magnetosphere in the equatorial region. This paper describes the technique employed and results for nine distinct EMIC wave events observed in the region of the afternoon plasmatrough and the premidnight plasmapause. Four of these events are described in detail. The events all have frequencies below the local helium cyclotron frequency and therefore may be regarded as class I EMIC waves [Young et al., 1981] . The results will show that energy propagation is mostly away from the equatorial region with propagation towards the equator seen only rarely. There is no indication of significant returning wave energy that can be related to bouncing wave packets. Section 2 describes the CRRES orbit and the experiments used in the study while section 3 outlines the Poynting vector computation. The four events chosen to illustrate the results are described in section 4. Section 5 places the nine events in context and discusses the results in light of previous theories for EMIC wave propagation and new ideas.
Orbit and Instrumentation
The Combined Release and Radiation Effects (CRRES) satellite was launched on July 25, 1990, into an elliptical orbit of period 9 hours 52 rain and spin period approximately 30 s with apogee 6.3 R•., perigee 350 kin, and inclination 18.2 ø. The local time apogee at launch was 08 MLT, and this decreased at a rate of 1.3 hours per month. The spacecraft ceased operation on October 12, 1991, with apogee about 14 MLT. The orbit is ideal for the study of EMIC waves in the vicinity of the plasmapause, but does not see the afternoon population at L>7 [Anderson et al., 1992a] . It also has the capability of off-equator observations up to 30 ø in magnetic latitude where L~8. The magnetic latitude is measured using a model and this may lead to uncertainties of several degrees. Insmunentation of interest to the EMIC wave Poynting vector study includes the Air Force Geophysics Laboratory (AFGL) fluxgate magnetometer and the University of California, Berkeley, electric field experiment. In addition, the University of Iowa/AFGL Plasma Wave Experiment (PWE) provided a measure of the upper hybrid resonance frequency which is used to locate the plasmapause on each pass and provide a measure of the cold plasma density.
The triaxial fluxgate magnetometer recorded EMIC wave data in the high gain mode which covered a range of 850 nT at a resolution of 0.43 nT and measured variation fields down to < 1 nT. To achieve this, the fluxgate sensors were mounted on a 6.1 m boom in order to reduce interference from the spacecraft. Data from the sensors were sampled at 16 s '• and filtered successively by 60 and 6 Hz low-pass filters. The latter, a two-pole Butterworth filter prevented aliasing from signals above the 8 Hz Nyquist frequency but produced a phase shift at frequencies >_ 0.5 Hz. This phase shift in the magnetic field data must be removed before the Poynting vector calculations at frequencies in excess of about 0.7 Hz can be made. This was achieved by passing the three components of the magnetometer data backward through a two-pole Butterworth digital filter, which emulated the spacecraft filter. The output of this filtering process provided the vector magnetic field components with phase shift removed to within _+ 5 ø . In addition, the reverse pass through the filter squared the system amplitude response and provided a steeper cutoff at the Nyquist frequency. Further details of the magnetometer are given by Singer et al. [1992] .
The Figures 1, 2, 3, and 4) It was noted earlier that the energy in the February 21, 0232-0240 UT event was concentrated into four almost regularly spaced wave packets. These are easily seen in the dynamic spectra in Figure 1 This illustrates the significant asymmetry in travel times to the conjugate ionospheres due to the off-equator location of CRRES.
Comparison of these return transit times with the wave packet spacing shown in Table 2 of this argument will require derailed ray tracing studies and a reliable measurement of 0sB.
Repetitive wave packet signatures may also result from wave train modulation effects. Modulation of the generation mechanism by long period Pc 5 pulsations has been seen in ISEE observations at 10øN latitude [Fraser et al., 1992] and by CRRES in a more comprehensive study [Hu et al., 1995] . However, the CRRES magnetometer did not observe any measurable transverse or compressional long period hydromagnetic waves at the time of this EMIC wave event, so this is an unlikely explanation for the wave packet observations.
Generation Mechanisms
It is important to interpret the Poynting vector results terms of ion cyclotron wave generation and propagation processes. The classical theory describing an EMIC wave packet bouncing between conjugate ionospheres [Jacobs and Watanabe, 1964; Obayashi, 1965] Table 2 show similar reflection coefficients (< 0.2). They represent the ratio of the maximum Sz, Poynting flux directed away from the equator to the average noise propagating back to the equator. Taking the upper limit of 0.2 these reflection coefficients for a 5 nT or lmV m -1 signal would provide a 0.5 -1.0 nT or 0.1 -0.2 mV m -I echo. Although this is at the noise level of the AFGL magnetometer, it should be detectable by the Berkeley electric field experiment ], a study that will be pursued in the future. Instability and wave amplification theory [Hu and Fraser, 1992] show that wave amplification of 20 -40 dB (factor of 10 -100) may be attainable in the He* wave branch (f<fm+). With this amplification available it is only necessary to reflect a small amplitude signal which will propagate the wave phase information back to the near-equatorial source region for re-amplification. However, this argument may not be important since it has been shown that the double-hop bounce period observed does not agree with the calculated transit times.
Periodic generation of wave packets at the ion bounce period by phase-bunched energetic ions, presumably protons at a few tens of keV, has been suggested by Erlandson et al. [1992] as their second possible mechanism. This requires a uniform drift of monoenergetic ions through the source region in order to preserve the wave packet amplification and periodicity. It is doubtful whether such a situation can be maintained over time.
However, this mechanism would allow for the observation of a symmetrical bounce period at any latitude along the field line since there is no reflected wave packet transit time involved. Such a situation is seen at CRRES in the Table 1 The unidirectional propagation from the equator of EMIC wave events without a periodic wave packet structure may not be unexpected. The anisotropic instability will generate/amplify waves provided the conditions of wave growth are satisfied [e.g., Liemohn, 1967] . These conditions depend on the cold plasma composition and density, the energetic particle composition, energy, and anisotropy, and local magnetic field conditions. If wave growth occurs and ionospheric reflection is not important then it could explain the results of seven of the nine events in Table 2 which are seen off the equator. The two exceptions are the May 8, 1991, and August 9, 1991, events which show bidirectional propagation in adjacent wave packets within a wave train (e.g., Figure 4) . If the majority of the events seen at CRRES are the nonperiodic type observed on the ground by Hayashi et al. [1981] , there is no necessity for a bouncing wave packet to support this scenario. Also, Gendrin et al. [1967] showed that unstructured IPDP Pc 1 pulsations were observed simultaneously on the ground in conjugate hemispheres at L • =3 -5. Thus simultaneous propagation into both hemispheres is These loss cone driven waves propagate obliquely at wave normal angles of about 70 ø and are close to being an electrostatic mode. The CRRES results show low wave normal and group ray angles and do not appear to support this theory. However, CRRES r•ults also show that wave polarization may vary on shorttime scales of tens of seconds (Plates 2 and 4). The 0K• measurements presented here were averaged over finite data lengths of 2-3 min.
Thus there is a need to consider the bE and fib wave field polarization variations over short timescales and in conjunction with dc B and E fields, and associated plasma and energetic particle variations before the validity of this mechanism can be fully assessed.
Conclusion
In this paper CRRES Poynting vector calculations have identified a simple pattern of EMIC wave propagation in the equatorial region of the middle magnetosphere over L = 4.8 -6.7. The important results can be summarized as follows:
1. Poynting vector calculations have been made on nine EM!C wave events seen by the CRRES spacecraft in the 1300 -0100 MLT local time sector and up to 21 ø magnetic latitude in both hemispheres.
2. Wave energy in most cases is always seen to propagate away from the equatorial region. However, there are some exceptions. 4. Two events observed on the equator (< 3 ø magnetic latitude) showed predominant propagation of energy into one hemisphere but also exhibited occasional short bursts of energy of equal amplitude into the opposite hemisphere or at large wave normal angles. In this situation CRRES may have been within the EMIC instability region.
Poynting vector magnitudes
5. In another event four isolated wave packets with a periodicity averaging 60 and 120 s were observed. These cannot be interpreted a signature of simple bouncing wave packets for two reasons. First, the direction of propagation was always away from the equator. Second, the longest bounce period is only about half that calculated for a bouncing wave packet. The results do not support any of the current theories that have been suggested to explain the periodic fine structure seen in ground-based Pc 1-2 pulsations.
6. The unidirectional propagation of continuous wave trains is best interpreted as nonperiodic propagation from an equatorial source, past CRRES, and towards a low reflecting ionosphere.
It is important to further the ideas outlined in (6) through ground-satellite studies. For example, it is necessary to identify the in situ magnetosphere EMIC wave signatures in terms of the structured and unstructured Pc 1-2 pulsation seen on the ground. This will contribute to the further understanding of EMIC wave processes in the middle magnetosphere.
